[1] During 6 years of continuous operations on the Martian surface, the Mars Exploration Rover (MER) Spirit has covered a traverse of approximately 7 km from the landing point to its current position at "Troy" near Home Plate. Localization of Spirit (and Opportunity) has been performed using two different methods: one that employs an incremental bundle adjustment (IBA) using rover imagery, and one that compares image features common to both a rover orthoimage and an orbital orthoimage. The IBA method continuously yields the desired 3-D rover positions at a very high level of accuracy and provides a simultaneous solution for high-quality topographic mapping of neighborhoods surrounding the rover. On the other hand, high-resolution orbital imagery can verify rover positions wherever the rover track is visible. Rapid rover localization on the orbital orthoimage is often achieved by comparing a rover orthoimage to the orbital orthoimage. In this paper, we present research results from a systematic comparison of these two localization methods over the entire length of the Spirit traverse. Two orbital orthoimages were generated from High Resolution Imaging Science Experiment (HiRISE) imagery. Integration of Mars Orbiter Laser Altimeter (MOLA) data into the HiRISE digital elevation model (DEM) and orthoimage generation was performed and proved to be effective in reducing large inconsistencies between MOLA and HiRISE data. This study found an overall difference of 1.5 percent of the traversed distance between the two sets of traverse positions derived using the two different localization methods. After a geometric transformation from one traverse to the other, the remaining inconsistency then represents the local differences between them and can be reduced to a level of less than 0.15 percent. Discussions of error sources and the strength and weakness of the methods are given. Scientific applications of the localization data are also briefly introduced. 
Introduction
[2] On 10 June and 7 July, respectively, Spirit and Opportunity launched from Cape Canaveral, Florida to begin the NASA Mars Exploration Rover (MER) 2003 mission. Both rovers carried identical Athena instrument payloads for exploration of the Gusev crater (Spirit) and Meridiani Planum (Opportunity) landing sites [Squyres et al., 2003 ]. The MER rovers, which are still operating on the Martian surface, at the time of writing have been able to travel from a few meters to up to more than 120 m on a single sol (Martian day). As of January 2010, the sixth anniversary of the mission, Spirit had traveled a distance of approximately 6.8 km from the landing center Columbia Station to "Troy" in the Home Plate area [Arvidson et al., 2010 [Arvidson et al., , 2011 , while Opportunity, on the way to Endeavor crater, had traveled almost 18 km from its landing spot in Eagle crater. To support science and engineering operations, incremental bundle adjustment (IBA) has been routinely performed to precisely localize the Spirit rover based on stereo images from the Pancam (Panoramic Camera) and Navcam (Navigation Camera) camera systems mounted on the rover's camera mast. This vision-based method has significantly improved the accuracy of rover positioning over results from the method used in the earlier Pathfinder mission, which was based on readings from the onboard inertial measurement unit (IMU) and wheel odometry [Li et al., 2004] . The IBA results provide precise rover positions and attitudes along the entire traverse wherever the rover took images. Since the image pointing information is greatly improved by IBA, topographic mapping products using bundle adjustment results demonstrated advantages for science experiments and planning mission operations ]. An Earth-based field test conducted in 2000 showed that this IBA method can achieve a localization accuracy of 0.2 percent of the traverse distance when compared to GPS-surveyed positions [Li et al., , 2004 Di et al., 2002] .
[3] From the time the Mars Reconnaissance Orbiter (MRO) began operating in its Primary Science Phase in November 2006, its onboard High Resolution Imaging Science Experiment (HiRISE) camera has acquired unprecedented 0.25 m resolution images of both the Spirit and Opportunity landing sites [McEwen et al., 2007] . In imagery with such a highresolution, local terrain features such as large rocks and sand dunes are comparable to the same features seen in rover images, and even parts of the rover tracks can be identified. This opens up the possibility for high-precision rover localization and large-scale topographic mapping with integrated orbital imagery. A software system, OSU OrbiterMapper, has been developed by the OSU Mapping & GIS Laboratory to generate HiRISE DEMs and orthoimages. A DEM and an orthoimage of the Columbia Hills region of the Spirit landing site generated using this method have been compared to the DEM and orthoimage of the same region generated by the U. S. Geological Survey (USGS) using ISIS and SOCET SET software systems. This comparison showed only a submeter difference between these two sets of products [Li et al., 2008; Parker et al., 2010; Rice et al., 2010] . Consequently, the position of a rover can be determined by registering features on orthoimages derived from ground-based Pancam or Navcam imagery to the same features on the HiRISE orthoimage. Furthermore, the accuracy of the rover localization using this method depends also on the accuracy of the HiRISE orthoimage itself and the feature registration.
[4] In general, when using IBA the localization accuracy is very high in the local area. However, the localization error, though it is usually small, accumulates as the length of the rover traverse increases. On the other hand, traverse information extracted from the HiRISE orthoimage, though derived from the tracks and not always visible, can provide a relatively homogenous error distribution across the entire scene, depending on the accuracy of the orthoimage which in turn depends on the accuracy of the orbit pointing information and the quality of orthoimage production. Since no positioning systems such as GPS are available on Mars, the Exterior Orientation (EO) parameters for HiRISE imagery are improved by a bundle adjustment (BA) of the HiRISE stereo images without ground control points. An improvement is to incorporate Mars Orbiter Laser Altimeter (MOLA) data into the HiRISE bundle adjustment [Li et al., 2008] ; this is usually effective in controlling the scale in the object space. MOLA data, which has an absolute accuracy of approximately 1 m in the vertical and approximately 100 m in the horizontal directions provides the best available ground control on the Martian surface.
[5] This paper presents the results of a comparative study of the attainable accuracies from use of the IBA versus the orbital orthoimage-and rover orthoimage-based methods for MER Spirit rover localization. For this study, a DEM and an orthoimage covering an area of approx. Approximately 4 km × 4 km of the Spirit landing site in Gusev crater were generated using HiRISE images. Rover positions derived from both methods are compared. Inconsistencies and their possible sources as well as future research work are discussed. Finally, extensive discussions on rover traverse data and various topographic mapping products used to support scientific investigations are given.
IBA-Based Localization
[6] In the MER mission, long-range rover localization is accomplished by IBA of the image network that has been built by linking all the rover images (Pancam and Navcam) using tie points [Li et al., 2004] . Figure 1 illustrates the general configuration of a ground image network for the period of one Martian sol. Within one command cycle (which is usually one Martian sol for MER), the rover travels from waypoint W 0 to waypoint W 2 with a stop at midpoint W 1 . Usually a full (360°) or partial panorama is taken by the Navcam or Pancam cameras at the points W 0 and W 2 . For localization purpose, traversing images (forwardand backward-looking stereo pairs) are often acquired at the midpoint W 1 of a long drive (e.g., over 60 m, Figure 1) . Images taken at one rover location are linked by automatically selected intra and interstereo tie points. Intrastereo tie points are tie points within one stereo pair. Interstereo tie points are those located in the overlapping area of two adjacent stereo pairs taken at different azimuth and/or tilt angles at the same [Wang, 2008] . Selection of cross-site tie points (tie points between images taken at different sites or locations) is challenging and was often performed manually during MER mission operations. For example, rocks visible from different sites are often used as cross-site tie points. They are used to tie images from different sites together to form an image network. Bundle adjustment of the image network refines the image orientation parameters using the least squares principle; this serves to improve localization accuracy. The unknowns of the bundle adjustment include exterior orientation parameters of all the images involved in the image network and the ground coordinates of all the tie points. For a long traverse, the amount of image data involved can be large. A daily simultaneous solution of the entire network with all the unknowns appears to be too time consuming in a mission operations scenario. Therefore, we developed an incremental bundle adjustment method to reduce the amount of computation while maintaining a high level of accuracy to support the mission operations [Ma et al., 2001; Di et al., 2008a] .
[7] The attainable accuracy of IBA-based rover localization was validated through field tests at Silver Lake, California, in 1999 and 2000. The 1999 experiment demonstrated that an RMS error of 1 m over a distance of up to 1 km could be achieved using rover images and descent images together Ma et al., 2001] . This represents an overall localization accuracy of up to 0.1 percent. The 2000 experiment demonstrated that, even without descent images, it is still feasible to localize the rover using rover images only. In this way, a rover localization accuracy of 1.5 m for a traverse length of 850 m from the landing center was achieved [Di et al., 2002; Li et al., 2004] .
[8] In support of MER mission operations, we have been performing IBA-based rover localization and topographic mapping since the landing of the two rovers in January 2004. After BA, the 3-D accuracy is at a centimeter to submeter level based on a consistency check using images of same features (e.g., rocks) from different sites [Li et al., 2004] . It has been demonstrated that BA-based rover localization technology has corrected wheel slippage, IMU drift and other navigation errors as large as 10.5% in the Husband Hill area of the Gusev crater landing site (Spirit) and 21% in Eagle crater at the Meridiani Planum landing site (Opportunity) [Li et al., 2005 [Li et al., , 2007a . The rover localization data along with various topographic maps have been used extensively in tactical (sol-to-sol) and strategic (multisol) planning and operations as well as for various scientific investigations. A brief summary of relevant scientific applications of the rover traverse and mapping data is given in section 6.
[9] Great efforts have been made to develop a new approach to automatic selection of objects (such as rocks) from multiple view images taken at different sites as crosssite tie points, which are requited in the IBA-based rover localization [Li et al., 2007b] . This new approach has been verified and validated using IBA with manual measurements from the actual Spirit rover data as well as with field test data acquired at Silver Lake, California in January 2007 [Di et al., 2008b] . The new autonomous IBA software achieved a success rate of 70% using a Spirit rover data set and 79% using the Silver Lake test site data set. That means, for example, for 70% of the Spirit rover sites where the rover stopped and took panoramic images, the new approach was able to automatically select a sufficient number of crosssite tie points and the rover was localized autonomously by IBA; for the remaining 30% of the rover sites the software could not find enough cross-site tie points due to a lack of significant landmarks (rocks). In order to localize the rover at those sites using IBA, manual selection of tie points was performed. This software has been used in MER operations since August 2007.
[10] In the early stage of the mission operations, we used descent images from Descent Image Motion Estimation System (MER DIMES) and prelanding Mars Orbital Camera (MOC) Narrow Angle (NA) orbital images of the Spirit landing site. Later, a 1 m resolution mosaic of MOC NA images R15-02643 (acquired on Spirit's sol 85) and R20-01024 (acquired on Spirit's sol 223) was employed to crosscheck the IBA-based rover positions. Some early rover tracks are distinguishable in this later mosaic. After georeferencing the IBA-based traverse to the MOC image mosaic, the average difference between the comparable parts of the rover traverse from the two data sets with nine checkpoints was 9 m (about 0.3% of the traveled distance of 3081 m from the lander) [Di et al., 2008a] . Overall, these differences reflect an inconsistency between the two traverses that may be attributable to errors of the MOC NA mosaic and residuals of the IBA.
HiRISE Orthoimage-Based Rover Localization

Integration of MOLA Data in HiRISE Orthoimage Generation
[11] An accurate HiRISE orthoimage is a foundation for the second method of rover localization. Initially, we generated a DEM and an orthoimage covering the Columbia Hills area of the Spirit landing site by photogrammetric processing of HiRISE stereo images PSP_001513_1655 and PSP_001777_1650 [Li et al., 2008] . Without ground control points, however, the bundle adjustment of HiRISE stereo images creates an independent 3-D model which uses orbital position and orientation information from the orbital spacecraft. The resulting terrain model may need to be corrected in scale and also georeferenced to the actual terrain.
[12] MOLA data is considered the most accurate data source for Mars global topographic mapping [Smith et al., [Neumann, 2001; Neumann et al., 2001] . The along-track spacing of MOLA points is about 300 m and the cross-track spacing is approximately 1 km at the equator. While this resolution is too coarse for large-scale landing site mapping, it is dense enough to provide additional geometric information for the BA of HiRISE stereo images.
[13] Correct registration of MOLA points onto HiRISE stereo images is one of the most challenging tasks in performing a MOLA-supported BA. Efforts often failed to use the HiRISE EO parameters directly from telemetry data and to back-project the ground coordinates of MOLA points to the HiRISE images because significant inconsistencies exist between these two data sets (as the MOLA and HiRISE data were obtained during two different orbital missions). However, since both the MOLA instrument and the Mars Orbiter Camera (MOC) are mounted on the Mars Global Surveyor (MGS) satellite, integration of MOLA and MOC data is less difficult. Yoon and Shan [2005] and Shan et al. [2005] have demonstrated that the large misregistration between MOC and MOLA can be corrected by a combined BA method that can integrate the simultaneously acquired MOC and MOLA data sets.
[14] Modified from Yoon and Shan's strategy, a two-step BA was developed and implemented. For the Spirit landing site, two MOC stereo images (E0300012 and R0200357) along with a MOLA profile (ap19227l) that was acquired simultaneously with the first MOC image (E0300012) are available. Acquired in February 2003, MOC image R0200357 does not have a simultaneously acquired MOLA profile because MOLA stopped acquiring data in 2001 due to a laser failure. Therefore in the first step of this BA we integrate both MOC stereo images with the same MOLA profile. Before BA, there is an inconsistency between the two data sets reflected as the fact that, for the same ground MOLA point, its corresponding points back-projected on the two images do not have the same image feature. After the bundle adjustment, this inconsistency is eliminated effectively according to visual inspection of the footprints of the back-projected MOLA points, i.e., MOLA points are back-projected onto the same terrain feature on the two MOC images.
[15] In the second step, each MOLA point can be manually transferred onto the HiRISE stereo images by comparing the image features of its surrounding terrain as identified on both the MOC and HiRISE stereo images. However, some of the MOLA points may be located within a featureless area and thus cannot be accurately identified on the HiRISE stereo images even by an experienced human operator. In this study, only nine out of the eighteen points were identified on the HiRISE imagery. These nine MOLA points were selected to serve as ground control points for adjustment of the HiRISE EO parameters.
[16] In the BA, the image coordinates of each MOLA point are transferred from the MOC images to HiRISE images. They are used to link the image space with the object space through a collinearity equation [Mikhail et al., 2001] . As they are serving as ground control points, the ground coordinates of these MOLA points should not change during iterations of the BA. A flowchart of the MOLA-controlled HiRISE BA procedure is shown in Figure 2 . To evaluate the BA results, we compute the differences between the MOLA points and the corresponding ground points determined by HiRISE image pointing data before and after BA. Before BA, the mean differences were (−90.2, 345.0, 282.6) meters in the (X, Y, Z) directions; they were reduced to (0.0174, −0.1341, 0.0061) meters after BA. The standard deviations of the differences were (5.6, 2.5, 5.9) meters before BA and (3.5, 1.8, 3.5) meters after BA. These results indicate that large inconsistencies between MOLA and HiRISE EO data are removed by this integrated BA of MOLA data and HiRISE imagery. Based on the adjusted HiRISE EO parameters, a DEM (1 m resolution) and an orthoimage (0.3 m resolution) were generated for the Spirit landing site. The HiRISE orthoimage has been extensively used for rover localization.
Identification of Rover Positions on the HiRISE Orthoimage
[17] The second method used for rover localization is to identify rover positions on the HiRISE orthoimage. During the MER mission, we have routinely used Pancam and Navcam images to generate topographic products (including DEM and orthoimage) of the rover's local neighborhood to support rover operations [Li et al., 2005] . By registering local features (ridges, rocks, craters, etc.), a HiRISE orthoimage and a rover image-based orthoimage can be precisely overlaid (Figure 3) . Furthermore, the rover position that is the imaging "center" on the Navcam orthoimage can be determined on the HiRISE orthoimage.
[18] This rover location identification process has been performed manually. In this study, 72 rover positions were manually identified along the Spirit traverse (up to sol 1406) by registration of rover image-based orthoimages to the HiRISE orthoimage. Of these 72 positions identified, 51 were used in a later transformation of this traverse to the rover tracks visible on HiRISE and MOC images for comparison purpose. The remaining 21 points were used as check points. The distribution of these points is shown in Figure 4 .
[19] Rover tracks that can be observed on orbital images provide highly useful information for rover localization. However, only recent segments of the Spirit traverse, from the Inner Basin to Home Plate (Figure 5a ), can be identified on HiRISE orthoimages due to a number of factors. Dust storms, in particular, have erased the track in many places. Fortunately, MOC images covering the same area (R15-02643 and R20-01024) are available that show a visible track winding from the Spirit lander to the foot of Husband Hill (Figure 5b ). We manually digitized the visible rover tracks on the MOC image and transferred them onto the HiRISE orthoimage after an image registration based on comparisons of terrain features along the tracks from both the MOC image and the HiRISE orthoimage. Figure 5c shows the combined rover tracks on the HiRISE orthoimage.
[20] A comparison of the digitized rover tracks (Figure 5c ) with the rover locations determined by registering the rover image-based orthoimages onto the corresponding HiRISE orthoimage found that 25 rover positions (out of 72 in total) are on or close to the identified rover tracks. The average distance between these rover positions and the digitized tracks is 0.745 m (2.48 pixels of HiRISE orthoimage) and the standard deviation is 0.56 m (1.8 pixels of HiRISE orthoimage). This result indicates that the process of rover localization using the rover images and the HiRISE orthoimage (no rover tracks are visible or no updated HiRISE orthoimage is available at the time) can achieve a very high level of precision within the orbital image.
Comparison of Rover Positions Derived From IBA and Orbital Image-Based Method
Coordinate Transformation
[21] IBA for rover localization is performed in the orthogonal Landing Site Local (LSL) frame. The LSL originates at the lander position with X, Y, and Z orientations representing north, east, and local nadir which is determined by an IMU [Li et al., 2004; Di et al., 2008a] . On the other hand, the bundle adjustment of HiRISE stereo images is performed in the Mars Body Fixed (MBF) coordinate system. Hence, the HiRISE DEM is also defined in MBF because the bundle-adjusted EO parameters of the HiRISE stereo images are employed. Equation (1) In practice, R can be derived from the HiRISE DEM or from the MOLA points near the lander. Basically, equation (1) transforms a vector between the lander and the point (DX M , DY M , DZ M ) from the MBF frame to the LSL frame. Using this transformation, the HiRISE orthoimage is defined in the same frame (LSL) as the IBA traverse.
Direct Comparison
[22] Three sets of rover positions were generated in the preceding steps: (1) rover positions derived from IBA, (2) rover positions derived from the HiRISE orthoimage without geometric contribution from MOLA data, and (3) rover positions derived from the HiRISE orthoimage with geometric contribution from MOLA data. By aligning all three results, any inconsistencies between the individual positions of these three methods can be evaluated.
[23] As the Spirit lander itself can be identified on the high-resolution HiRISE images (Figure 6 ), a direct comparison of localization results obtained using different methods can be achieved by aligning all three results at the Spirit lander position. All 72 rover positions derived from the rover image-based orthoimage and the HiRISE orthoimage (as described in section 3) are used. They are presented on the two HiRISE orthoimages, one with and one without MOLA control, and then compared with the corresponding positions on the IBA rover traverse. Figure 7a shows the differences between the IBA traverse and the two orthoimages at the 72 points along the traverse. Since the three results are manually aligned at the starting point (lander position), the difference increases as the traverse length increases. At the end of the traverse of Home Plate (about 7 km from the Spirit lander position), the difference between positions calculated from the IBA and the MOLAimproved HiRISE orthoimage is 79 m (Figure 7a ), or about 1.2 percent of the entire traverse distance. The relative difference versus the traverse length is plotted in Figure 7b . For the most part of the traverse the relative difference is well within 2%. Furthermore, we see that the rover positions derived from the MOLA controlled HiRISE orthoimage are, in average, a few meters closer to the IBA positions. This indicates that if the orbital image-based orthoimage is controlled by the ground features (MOLA data), the scale is corrected and the derived rover positions are more coincident with the measurements on the ground by the rover. Therefore, the following analysis is based on the MOLAimproved HiRISE orthoimage and the IBA traverse.
[24] In principle, the above differences between the two data sets must be attributed to the error sources in them. Much of the differences should come from the residuals of the HiRISE orthoimage even after MOLA control because of the low availability of the MOLA points (particularly in the cross-track direction) and the linear distribution along the track. Furthermore, the multistep procedure of identification and transferring of MOLA points from the ground to the MOC images and then to the HiRISE images also should have contributed to the error sources on the HiRISE orthoimage. Particularly, identification of MOLA points on an image in a featureless or featured-lacking area is both challenging and time consuming even for a human operator.
[25] In the IBA procedure, on the other hand, rover position errors accumulate along the traverse. However, this is at a low level as performed and tested on Earth and is ten times smaller than the relative error examined in this study. Thus this error source should play a less significant role.
Comparison After 3-D Similarity Transformation
[26] The above comparison is a simple comparison by aligning the beginnings of the two traverses at the lander position. The difference between the two traverses demonstrates an approximate linear increase trend as the traverse distance increases. The purpose of the subsequent comparison is to use a global transformation of one traverse toward the other and to minimize the position and orientation offsets between them. After that, the detailed differences between the two traverses can be compared.
[ where (X, Y, Z) are the coordinates of a traverse point derived through the IBA method and (X′, Y′, Z′) are the coordinates of the same point transformed to the MOLAcontrolled HiRISE orthoimage. Variable l is a scaling factor and R(w, 8, ) is the rotation matrix from the IBA traverse to that on the MOLA-controlled HiRISE orthoimage. The expression (DX, DY, DZ) represents a translation between the two traverses. For the corresponding point on the orthoimage, (X′, Y′) can be measured from the MOLAcontrolled HiRISE orthoimage and Z′ is the corresponding elevation from the MOLA-controlled HiRISE DEM.
[28] To compute the seven 3-D similarity transformation parameters in equation (2) The 21 check points were then transformed from the IBA traverse on to the MOLA-controlled HiRISE orthoimage. The transformed coordinates were compared to those on the orthoimage and DEM In Figure 8a , it can be seen that most of the global inconsistency has been removed by the 3-D similarity transformation. The average difference is 7.7 m and the standard deviation is 2.8 m. The largest remaining difference is about 14 m. Compared to Figure 7a , the remaining differences in Figure 8a show a random pattern and are at a much smaller level. Figure 8b illustrates the relative difference versus traverse distance, showing a decrease over the traverse distance. This result is also consistent with that achieved in the Earth-based study .
Comparison After 2-D Affine Transformation
[29] In many situations of the MER science and engineering operations, the horizontal position of the rover is of greater concern than the vertical position. Therefore the 3-D similarity transformation can be reduced to a 2-D affine transformation to compare the 2-D rover positions. [30] To perform this affine transformation, the same 51 control points were used to calculate the transformation parameters. After applying the least squares solution of the affine transformation parameters, we measured the differences between the IBA traverse and that on the MOLAcontrolled HiRISE orthoimage at the same 21 check points. As can be seen in Figure 8 , the average difference is 3.8 m and the standard deviation is 2.2 m. The maximum difference is 8.1 m. The relative difference also decreases faster than with the 3-D similarity transformation. Overall, this result indicates that the 2-D affine transformation gives a more favorable comparison for horizontal positions than does the 3-D similarity transformation. This may be attributed to the fact that the actual 2-D positions of the Spirit lander and the rover on sol 807, which are the beginning and end of the traverse, can be identified on the MOLAcontrolled HiRISE orthoimage (Figure 6 ). Also, these two positions are measured and fixed in the above least squares computation of the 2-D affine transformation parameters.
Discussions on Traverse Comparison
[31] High-resolution orbital imagery, particularly HiRISE imagery, provides an unprecedented capability of visualizing a landing site from an overhead view, and its orthoimage can be used as a precise background for a rover traverse. In some areas, rover tracks remaining on the Martian surface and imaged by HiRISE sensor can be very helpful for 2-D rover localization. Furthermore, localization of rover positions through the comparison of the rover image-based orthoimage with the HiRISE orthoimage presents a fast way to deliver rover positions and to support MER science planning and rover operations. This method is especially effective for areas where there is a lack of image features such as the Opportunity landing site. Since the rover positions are derived from an orthoimage instead of from original images or a mosaic, the accuracy of the rover positions consequently will be influenced by a number of factors including the quality of the orbital spacecraft pointing information, prelaunch camera calibration, spacecraft time error, and others. Generally, these types of errors affect the derived rover positions relatively homogeneously at the same level across the orthoimage. It has been found that MOLA data are very useful in correcting the scale factor and making rover positions derived from a HiRISE orthoimage comparable to the ground measurements. The difficulties in identifying corresponding MOLA points in HiRISE images and removing inconsistencies in multimission pointing information remain a challenge.
[32] On the other hand, the IBA method can provide continuous 3-D rover positions at the highest level of precision, independent of whether or not the rover tracks are visible on the ground. It is an optimized solution that estimates the best 3-D rover position and corrected pointing information of all the rover images involved. Consequently, it can be used for more accurate and higher-resolution topographic mapping of the neighborhood of the rover. In the early stages of the mission, IBA was conducted manually and often took up to one day to complete. An automatic IBA method has been developed that can perform IBA automatically up to 70% of the data sets of the Spirit site [Di et al., 2008b] .
[33] Overall, differences in the rover traverse data as derived from HiRISE orthoimage or from ground-based IBA are attributable to the errors found in each and every orientation element or parameter of orbital and ground observations. In principle, these errors should include position, attitude and scale errors, all of which are accumulated in a complicated, nonlinear fashion. As revealed by Grodecki and Dial [2003] in their study of high-resolution IKONOS satellite imagery, for narrow field-of-view (FOV) cameras, along-track and cross-track position errors are equivalent to pitch and roll attitude errors. Due to the very narrow FOV of 1 microradian [McEwen et al., 2007] , pitch and roll attitude errors of HiRISE imagery appear as position errors in the HiRISE orthoimage. When comparing two rover traverses from HiRISE orthoimage and ground IBA, the systematic position errors are always eliminated by shifting one traverse to the other according to the lander position; the remaining differences are mostly scale change and a slight yaw rotation. In this research, the scale difference happened to be more noticeable, but was significantly reduced by incorporating MOLA data in the process of DEM and orthoimage generation from HiRISE images.
[34] The MOLA data, which are considered as absolute control, have an absolute accuracy of approximately 100 m in the horizontal directions . In this research, the difference between HiRISE orthoimage and MOLA are (3.5, 1.8, 3.5) meters in the (X, Y, Z) directions after an integrated BA. Thus, rover locations identified from the HiRISE orthoimage should have an absolute accuracy at the 100 m level, while their accuracy relative to the lander (which is also identifiable in HiRISE imagery) can be several meters. These accuracies from HiRISE orthoimage are generally homogenous in the large area of the landing sites. In this sense, the orbital-based localization result has an accuracy that is almost same across a large area. After a geometric transformation between two traverses, the differences between them can be reduced to a level of less than 0.15 percent, which is about 10 m at the end of the 6.8 km traverse. This may be attributable mainly to the orthophoto errors and the accumulation of IBA solution error. Nevertheless, the IBA localization method achieves a very high level of accuracy in local areas and is very important for daily operations and ground observation-based investigations wherever appropriate rover images are available. Comparison and registration of the two traverses are essential to long-term planning and coordinated analyses of orbital and rover data.
Scientific Applications
[35] Rover traverse data, along with various topographic mapping products, have been extensively used to support scientific investigations and mission operations [Squyres et al., 2004; Arvidson et al., 2004] . Rover localization data were very helpful in coordinated experiments between Spirit rover and active orbiters, and enabled in situ rover observations to be "ground truth" for the calibration of orbital remote sensing data Lichtenberg et al., 2007] . Further, rover traverse data are also essential in analyzing the abundance of rocks, craters and hollows in the plains of Gusev crater [Crumpler et al., 2005; Golombek et al., 2006; Grant et al., 2004] . Also, a topographic profile along Spirit's traverse was used to infer possible water pathways and study aqueous processes at Gusev crater [Cabrol et al., 2006] . In addition, rover traverse data and 3-D mapping products have been used extensively in crater gradation analysis for both the Gusev crater and Meridiani Planum landing sites. These studies indicate that impact craters at Gusev crater are due mostly to secondary impacts while at Meridiani Planum they are due mostly to primary impacts; all of the impact craters have been modified primarily by eolian erosion and infilling [Grant et al., 2006] .
[36] Furthermore, localization data and slope maps were used directly in determination of Winter Haven on the north side of Home Plate, thus ensuring the survival of Spirit during the winter. High-precision localization of the rover and registration of the rover traverse onto the HiRISE base map was fundamentally important for geological mapping of Columbia Hills through comparison and integration of Spirit rover and HiRISE observations (L. S. Crumpler et al., Field reconnaissance geologic mapping of the Columbia Hills, Gusev crater based on MER Spirit Rover and MRO HiRISE observations, submitted to Journal of Geophysical Research, 2011). The disappearing rover tracks were used to study the aeolian dynamics in the area from the Winter Haven on the northern edge of Home Plate to the side of Scamander crater [Arvidson et al., 2010 [Arvidson et al., , 2011 . With the help of rover localization data, the morphology and texture of 333 loose surface particles along the Spirit rover traverse from sol 750 to sol 1890 were studied to assess origin, transport, and association with geologic units as well as alteration mechanisms that acted upon these particles during and after formation [Yingst et al., 2010] . It was found that the characteristics of these particles within the Home Plate region are comparable to those of particles imaged prior to arrival at Home Plate, indicating that no appreciable transport has occurred subsequent to fragmentation from outcrop and emplacement [Yingst et al., 2010] . Similarly, the rover localization data for the Opportunity rover have been very helpful in synergistically using rover and orbital data to infer material properties and processes [Arvidson et al., 2011] . It also was used to find the distribution of four stony meteorite candidate rocks at Meridiani Planum; it has been suggested that these meteorites are fragments of the same larger body and thus paired [Schröder et al., 2010] .
Conclusions
[37] Rover localization data and associated 3-D mapping products are of fundamental importance for safe navigation of planetary rovers as well as for various scientific investigations. This comparison study indicates that there is an inconsistency of about 1.5 percent of the traversed distance between rover positions as derived from the MOLAcontrolled HiRISE orthoimage and those from the ground image-based IBA at the Spirit landing site. The comparative analyses also show that by applying a mathematical transformation (3-D similarity or 2-D affine) this inconsistency can be reduced to the level of less than 0.15 percent of the traversed distance. The ultimate way to remove any inconsistencies between these two methods is to perform a combined bundle adjustment that integrates observations from both data sets. Currently we are conducting research on developing combined orbital and rover sensor models and new methods for automatic identification of the same features on both orbital and ground images. These matched features can then be used to build an integrated orbitalground image network. Then a bundle adjustment can be performed to remove any inconsistencies between the two data sets in the network.
